Our recent applications of computational chemistry methods to practical issues in fuel cell technologies are reviewed in the manuscript; i.e., degradation of polymer electrolyte and platinum catalyst in a polymer electrolyte fuel cell (PEFC), development of platinum alternative catalyst for low temperature fuel cells, sulfur poisoning and microstructure optimization of solid oxide fuel cell anode. As degradation issues in PEFC, degradation mechanisms of polymer electrolyte from side chain and platinum dissolution from catalyst surface are clarified by using a density functional method. A novel metal-organic framework as a potential platinum alternative catalyst is studied and the ethanol oxidation pathway over the catalyst is clarified. Then the importance of subsurface sulfur to understand the experimentallyobserved cell performance decrease by the sulfur impurity is pointed out. Finally, a microstructure-based index for designing microstructure with better overpotential characteristics is discussed on the basis of simulation data obtained for a number of different microstructures.
Introduction
Since the devastating Great East Japan Earthquake on March 11, 2011 and the subsequent nuclear power plant accidents in Fukushima, Japan has faced [1] and is facing a serious power crisis. Modern Japanese society has taken stable power supplies by the centralized power grid for granted. Now that we experienced the nuclear power plant accident, a new energy paradigm of "self-supporting energy demand and supply management based on distributed energy systems" has started to be extensively discussed. The key technologies to realize such distributed systems are photovoltaic cells, fuel cells, energy storages, and management system based on smart-meters. Although such key energy technologies have been investigated for many years, they still require fundamental understandings to realize higher durability and reliability, and to develop materials alternative to expensive components.
In this manuscript, we will introduce our recent computational chemistry studies on fuel cell technologies.
Polymer degradation in polymer electrolyte fuel cell
The degradation of polymer electrolyte by OH radical in polymer electrolyte fuel cell (PEFC) is one of the crucial issues to be solved for higher durability of the cell [2] [3] [4] [5] [6] . While the unzipping mechanism from -COOH at the main chain terminal is well-known as degradation pathways of perfluorinated sulfonic acid (PFSA) polymer, another degradation pathway of polymer electrolyte was pointed out [7] . We have analyzed J. Comput. Chem. Jpn., Vol. 12, No. 1, pp. 1-7 (2013) the degradation mechanism from side chain by using density functional theory (DFT) software DMol 3 [8, 9] . The effect of solvent is considered by using conductor-like screening model (COSMO) [10] . We have analyzed three possible degradation pathways from side chain; 1) sulfo group attack, 2) ether bond cleavage, and 3) F abstraction. In our recent literature, we first studied those pathways using a model compound CF 3 (CF 2 ) 3 O-(CF 2 ) 2 OCF 2 SO 3 H assuming deprotonated and protonated states [3] . It is considered that the deprotonated state corresponds to well-hydrated conditions while the protonated state vice versa corresponds to insufficiently hydrated condition. Figure 1 shows the estimated reaction path using a deprotonated model 
Further, it is noticed that the reaction barriers for ether bond cleavage become higher when protonated.
It is also found that the identified two major degradation pathways from the side chain, i.e., ether bond cleavage at the deprotonated state and sulfo-unzipping pathway at the protonated state, can also be seen in the Nafion-like side chain [2, 5] . far, counter measure for sulfo-unzipping pathway has been proposed [11] . Therefore the measures for ether bond cleavage will be the next target for higher durability. 
Degradation of pt catalyst in polymer electrolyte fuel cell
The degradation of Pt catalyst in PEFC, i.e., a loss of effective electrode surface area, is an important issue to be solved [12] [13] [14] . To obtain atomistic insights on this issue, a theoretical study has been conducted by using DFT software DMol 3 [8, 9] .
Because Pt is reported to form a complex when dissolved [15] , simple models as shown in Figure 4 are used to investigate the stability and solubility of Pt complexes. Solubility is evaluated from the solvation energy calculated by using COSMO method [10] . We selected OH − , H 2 O, and HSO 4 − or CF 3 SO 3 − . OH − is selected assuming that it is formed on the Pt surface during oxygen reduction reaction. HSO 4 − is selected to see the Pt dissolution in sulfuric acid environment while CF 3 SO 3 − is selected as a model of PFSA side chain to study the Pt dissolution properties in PEFC environment.
The desorption energy of Pt complexes from the Pt 4 cluster
has first been studied in [13] . As shown in Table 1 , two complexes, [Pt (OH) 4 ] 2and Pt (H 2 O) 2 (OH) 4 , are identified to have negative desorption energy, indicating that they are initial dissolution species from the Pt catalyst.
The relative energies of Pt complexes are then studied in [13, 14] . Figure 5 shows a thermodynamic estimation of how 
Sulfur poisoning in solid oxide fuel cell
Solid oxide fuel cell (SOFC) is expected to play an important role in realizing a low-carbon society [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Understanding the influence of minor impurities on the cell performance is one of the key issues to be tackled for its longer lifetime and higher reliability [21] [22] [23] [24] .
Among various impurities, we have analyzed the influence of sulfur impurities on nickel anode [21, 22] by using DFT software CASTEP [31] . Binding energy of a sulfur atom is studied for Ni(111) and Ni(100) surfaces. As shown in Figure 8 , it is confirmed that sulfur remains on the surface at lower coverage while it occupies subsurface site at high sulfur coverage. 
Microstructure optimization of porous materials
One of the central issues in many electrochemical devices has been the microstructure of porous electrodes [30, [32] [33] [34] [35] [36] [37] [38] [39] . The i.e., the optimization of fabrication condition is achieved, and does not mean the electrode microstructure is optimized in a rigorous manner. When we mention the "optimization," defining the optimization function is crucial. We have therefore revisited our preceding study [30] to discuss more in detail the index for designing better electrode microstructure taking an example of SOFC anode. The overall electrode process involves various elementary processes such as charge-transfer, surface reaction, adsorption, and diffusion as schematically shown in Figure 10 
where a 0 is the activity per unit TPB length.
To deal with the proposed index numerically, it is reasonable to divide the electrode into N slices in the thickness direction as in our preceding study [30] . By this, we can simplify Eq. 
The relationship between the proposed MBI and simulated overpotential characteristics for a number of electrode models with different microstructures has been investigated [30] .
In the preceding study [30] , we have prepared a variety of anode structure models with different microstructural parameters and calculated their overpotential characteristics by solving the mass transfer and reaction equations. Figure 11 (a) shows the total length of TPB per apparent anode area for them. While we can see a general tendency that the overpotential decreases as the total length of TPB increases, we observe a bad correlation between them around the dashed circled region. We then calculated the MBI for each anode model. Here, we assumed that the tortuosity for oxide ion conduction in the anode can be regarded as being uniform throughout the anode and simply expressed by between them compared to that observed in Figure 11 (a) especially at overpotential range below 0.14 V. Thus we believe that MBI defined in Eq. (7) will be effective to design better Ni-YSZ anode microstructure.
Summary and perspectives
In this manuscript, we have reviewed various applications of computational chemistry methods to industrially important issues in fuel cell technologies: degradation of materials, designing alternative materials, poisoning of cell performance, and designing microstructure. Among those topics, degradation will be a good application target of computational chemistry. Because degradation process is a slow kinetic process compared to the processes related to major functions of materials such as proton dissociation and hopping in the polymer electrolyte, the study on degradation is challenging for both experimental and theoretical researchers. However, it should be emphasized that once an effective computational chemistry approach is established, it can save huge experimental costs. A key for establishing an effective computational chemistry approach is to understand most important processes or properties and to construct a reasonable model incorporating essences of the target issue. For this purpose, we believe interactive collaborations with experimentalists are inevitable. Also, the microstructure of porous electrodes will be an emerging target of study for computational chemistry. It is our hope that the present intensive studies lead to a big research discipline in the near future. 
